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Conventional 48-h in vitro susceptibility tests have low sensitivity in identifying artemisinin-resistant Plasmodium falciparum, 
defined phenotypically by low in vivo parasite clearance rates. We hypothesized originally that this discrepancy was explained by 
a loss of ring-stage susceptibility and so developed a simple field-adapted 24-h trophozoite maturation inhibition (TMI) assay 
focusing on the ring stage and compared it to the standard 48-h schizont maturation inhibition (WHO) test. In Pailin, western 
Cambodia, where artemisinin-resistant P. falciparum is prevalent, the TMI test mean (95% confidence interval) 50% inhibitory 
concentration (IC 50 ) for artesunate was 6.8 (5.2 to 8.3) ng/ml compared with 1.5 (1.2 to 1.8) ng/ml for the standard 48-h WHO 
test (P — 0.001). TMI IC 50 s correlated significantly with the in vivo responses to artesunate (parasite clearance time [r — 0.44, 
P — 0.001] and parasite clearance half-life [r = 0.46, P — 0.001]), whereas the standard 48-h test values did not. On continuous 
culture of two resistant isolates, the artemisinin-resistant phenotype was lost after 6 weeks (IC 50 s fell from 10 and 12 ng/ml to 2.7 
and 3 ng/ml, respectively). Slow parasite clearance in falciparum malaria in western Cambodia results from reduced ring-stage 
susceptibility. 



Artemisinin-based combination therapy (ACT) is the first-line 
treatment of falciparum malaria recommended by the World 
Health Organization (1). The artemisinin derivatives provide 
rapid and effective reduction of parasite biomass and gametocyte 
carriage (2, 3), while the partner drugs in ACTs are eliminated 
much more slowly, providing mutual augmentation of efficacy 
and protection from resistance (4, 5, 6). Widespread deployment 
of ACTs is one of the main factors underlying recent reductions in 
global malaria morbidity and mortality (7, 8, 9). Unfortunately, 
reduced in vivo susceptibility to artemisinin derivatives, manifest 
by prolongation of parasite clearance times, has emerged in Cam- 
bodia (10, 11, 12, 13) and, more recently, on the northwestern 
border of Thailand (14). ACT efficacy in these areas is falling (15). 
Despite obvious resistance in vivo, conventional 48-h in vitro tests 
have not shown corresponding reductions in in vitro susceptibility 
(13), and so they are not useful as an epidemiological tool for 
monitoring artemisinin resistance. We surmised that a reduction 
in susceptibility in the ring-stage, without a corresponding reduc- 
tion in the susceptibility in the more mature parasite stages, could 
explain this apparent discrepancy (13, 16). We therefore devel- 
oped a simple adaptation of the standard WHO in vitro 48-h an- 
timalarial drug susceptibility test, focusing on the ring-stage de- 
velopment of the parasite, and assessed its utility as a predictor of 
artemisinin resistance in vivo. 

MATERIALS AND METHODS 

Patients. Plasmodium falciparum isolates were collected from adult pa- 
tients enrolled in clinical trials conducted between 2009 and 2010 in the 
Pailin Referral Hospital in western Cambodia. Written informed consent 
was obtained from patients with no history of previous antimalarial treat- 
ment before enrollment in studies and collection of blood samples. These 
studies were approved by the Ministry of Health, Cambodia, and the 
Ethics Committee of the Faculty of Tropical Medicine, Mahidol Univer- 
sity, Thailand, and are described in detail elsewhere (8, 17). Patients re- 
ceived artesunate (ATS) either 6 mg/kg of body weight or 8 mg/kg per day 
for the first 3 days of treatment before receiving mefloquine 1 5 mg/kg on 



day 3 and 10 mg/kg on day 4. Venous blood samples (2 mL) for parasite 
culture were collected into sterile sodium heparin tubes before treatment. 

Parasite clearance. Thick and thin blood films were prepared using 
standard procedures. Parasite species, morphology, and parasitemia were 
assessed by light microscope examination to determine the proportions of 
parasites at various developmental stages. Parasite staging was determined 
as described previously (18). Parasite species identification was confirmed 
by nested PCR (19). Parasite counts were taken every six hours until 
clearance. Parasite clearance was measured as the time until the first of two 
successive negative parasite counts, and the parasite clearance half-life was 
derived from the slope of the log-linear segment of the parasite clearance 
profile and was calculated as described previously (20). 

Ex vivo susceptibility assay. Artesunate (Guilin Pharmaceutical Co., 
Ltd., China) was prepared as 60 mg/ml of stock solution dissolved in 1 ml 
of 5% NaHC0 3 , kept at — 30°C, and used within 1 month of preparation. 
Artesunate (ATS) was further diluted in RMPI-1640 culture medium to 1 
mg/ml (stored at 4°C and used within 1 week of preparation), and then by 
serial 2-fold dilutions to obtain final concentrations ranging from 0.01 to 
400 ng/ml of ATS. The first row of the 96-well drug plate contained no 
drug. 

The susceptibility of P. falciparum to artesunate was evaluated at 24 h 
(trophozoite maturation inhibition [TMI]) and 48 h (schizont matura- 
tion inhibition, WHO standard test). P. falciparum-'miected blood was 
centrifuged at 800 X g at 4°C for 5 min. After the plasma and buffy coat 
were removed, the packed red cells were washed three times in RPMI 1640 
and resuspended to make a 3% cell suspension in the complete medium. 
A 75-|xl cell suspension was added to the predosed antimalarial microtiter 
plate. Each drug concentration was tested in duplicate. Wells without 
drugs were included as controls. After addition of the cell suspension, 
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TABLE 1 IC 50 s of P. falciparum in Pailin, western Cambodia 





Mean (95% CI) IC 


, 0 (ng/ml) for: 


Isolate origin (no. of isolates) 


24-h TMI test 


48-h WHO test 


Pailin, Cambodia (71) 


6.8 (5.2-8.3)" 


1.5 (1.2-1.8) 


Thai laboratory strain (TM267) (1) 


0.7 (0.5-0.9) 


0.9 (0.5-1.3) 



" Significant at a Pvalue of <0.001. 



thorough mixing was performed to dissolve the drug, and then the lid was 
placed over the plate. The samples were incubated at 37°C in 5% C0 2 for 
24 and 48 h for the TMI and WHO assays, respectively. At the end of the 
incubation, thick and thin blood films were made from each well. The 
standard laboratory P. falciparum Thai strain (TM267) was used as an 
internal control. In order to check the stability of the susceptibility of the 
artemisinin resistance phenotype, four parasite isolates (2 sensitive 
[ANL1 and -3] and 2 resistant [ANL3 and -4]) determined by in vivo 
clinical responses (parasite clearance time [PCT] and parasite clearance 
half-life) were cultured continuously in the absence of drugs in vitro at 3 to 
5% parasitemia and 5% hematocrit. Blood films were made daily to check 
the culture parasitemias. The TMI susceptibility test was performed once 
each week. 

Evaluation of antimalarial drug susceptibility and data analysis. 

Drug activity was expressed as the percentage of inhibition of maturation 
compared to control (no drug). For the 24-h TMI assay, the number of 
trophozoites (age 24 to 30 h) was counted per 100 parasitized red cells. 
Trophozoites were identified by morphology, size, nuclear/cytoplasm ra- 
tios, and presence of visible pigment (18). For the standard WHO 48-h 
assay, the number of schizonts (>8 merozoites/schizont) per 100 infected 
red cells was counted. The 50% inhibitory concentration (IC 5U ) was de- 
fined as the drug concentration providing 50% inhibition of the parasite 
development from ring stage to trophozoite (TMI, 24-h assay) or from 
ring stage to schizont (WHO, 48-h assay) compared to the parasite in the 
drug-free control wells. The IC 50 was determined by sigmoid curve fitting 
using WinNonlin computer software (version 3.1; Pharsight Corpora- 
tion, USA). Correlations were assessed by the method of Spearman. Sta- 
tistical significance within and between groups was determined by the 
nonparametric Kruskal-Wallis or Mann Whitney U tests. All statistical 
analyses were performed using SPSS software. 



RESULTS 

Clinical correlates. Between 2009 and 2010, ex vivo drug suscep- 
tibility assays were performed satisfactorily on 71 P. falciparum 
field isolates obtained from patients with malaria in Pailin, west- 
ern Cambodia. At the start of drug exposure, ring-stage parasites 
with estimated ages of 6 to 1 6 h were the predominant stages in the 
patients' blood samples. Only 2 out of 71 cases presented with a 
mixture of late ring stages and early trophozoites. All isolates 
showed development to trophozoites in the control wells, all 71 
(100%) IC 50 values were obtained from the TMI tests and 56 
(78%) from the WHO tests. The remaining 15 parasite samples 
were not evaluated satisfactorily as they developed into gameto- 
cytes at 48 h and so did not provide reliable curves. 

Complete inhibition of trophozoite and schizont maturation 
occurred in the wells containing 400 ng/ml of artesunate for all 
isolates evaluated. In Pailin, the mean (95% confidence interval 
[CI]) 50% inhibitory concentration (IC 50 ) values for artesunate 
were 6.8 (5.2 to 8.3) ng/ml by the TMI test and 1.5 (1.2 to 1.8) 
ng/ml by the WHO test (Table 1) (P = 0.001). The IC 50 of the 
reference strain (TM267) was 0.7 (0.5 to 0.9) ng/ml by TMI test 
and 0.9 (0.5 to 1.3) ng/ml by the 48-h WHO test. The TMI IC 50s 
correlated significantly with parasite clearance times (r s = 0.44, 
P = 0.001) and parasite clearance half-life (r s = 0.46, P = 0.001), 
whereas there were no significant correlations between IC 50 s 
from the WHO test and in vivo parasite clearance (r s = 0.2, P > 
0.05) (Fig. 1 and 2). The sensitivity and specificity (95% CI) of 
a TMI of >8 ng/ml for identifying an infection with a parasite 
clearance half-life of >5.5 h were 32% (28 to 42%) and 72% (41 
to 100%). 

Phenotype stability. The mean (SD) IC 50 s of sensitive para- 
sites (ANL1 and -3) assessed by the TMI test did not change sig- 
nificantly over 6 weeks of in vitro cultivation (3.3 [0.83] for ANL1 
and 4.3 [0.89] for ANL3), whereas the IC 50 s of resistant parasites 
(ANL2 and -4) decreased significantly. The mean (SD) IC 50 s fell 
from 10 to 2.7 ng/ml for ANL2 and from 12 to 4 ng/ml for ANL4 
(Fig. 3). Further investigations on these isolates are ongoing. 
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FIG 1 Correlation between 50% inhibitory concentration (IC 50 ) from TMI test and in vivo responses. (A) IC 50 plotted against parasite clearance time (PCT) for 
the first of two consecutive negative blood films; (B) IC 50 plotted against parasite clearance half-life. 



3158 aac.asm.org 



Antimicrobial Agents and Chemotherapy 



Detection of Artemisinin Resistance In Vitro 



A 

PCT (hours) 
120 



100 • 



80 • 



60 



40 



20 ■ 



CO O ^ ^ 
O 0 0 

" o oo o o 
o o o 
o o 
<© o o 

O ODD 

o 

o 

00 o 



p 

o 



12 3 4 

WHO-IC50 (ng/mL) 



B 



Parasite clearance half- life 



O o o 
O 

O , 



©O 

°°o° 
o o 
o o 



5qO 



CD 



o 



12 3 4 

WHO-IC50 (ng/mL) 



FIG 2 Correlation between 50% inhibitory concentration (IC 50 ) from WHO test and in vivo responses. (A) IC 50 plotted against parasite clearance time (PCT) 
for the first of two consecutive negative blood films; (B) IC 50 plotted against parasite clearance half-life. 



DISCUSSION 

The ex vivo assessment of antimalarial drug susceptibility is a valu- 
able tool in tracking and monitoring antimalarial drug resistance. 
Ex vivo susceptibility measurement allows assessment of the re- 
sponse of the parasites in the absence of host factors which might 
influence drug efficacy in vivo. Several techniques, including 
DNA-based and antigen-based methods, have been used in addi- 
tion to standard microscopy in the schizont inhibition maturation 
assay (WHO). DNA-based techniques include measurement of 
parasite uptake of tritium-labeled hypoxanthine (21) or Sybr 
green staining of parasite DNA (22). Antigen-based techniques 
include the histidine-rich protein 2 assay (23) and double-site 
lactate dehydrogenase antigen capture enzyme-linked immu- 
nosorbent assay (ELISA) methods (24). Current methods all eval- 
uate the efficacy of the drug after 48 to 72 h of incubation, which 
reflects the activity of the drug on stages of parasite development 
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FIG 3 Stability of resistant phenotype. Data are presented as means and stan- 
dard deviations (SD). 



from rings to mature schizonts. Most or all of the signal derives 
from the second half of the asexual life cycle, so any changes which 
affect predominantly the first half are largely obscured. 

In this study, conducted in the epicenter of artemisinin resis- 
tance, we confirmed that standard in vitro testing does not identify 
artemisinin-resistant P. falciparum, whereas a simple modified 
24-h assay assessing trophozoite maturation inhibition does. This 
TMI assay correlated significantly with the key clinical measures of 
parasite clearance time and parasite clearance half-life. This find- 
ing is consistent with a recent report that ring stages of P. falcipa- 
rum parasites from western Cambodia show increased survival 
after 6-h pulse exposures to 700 nM dihydroartemisinin (25). In 
contrast, ring stages at 2 to 4 h postinvasion were reported to 
exhibit hypersensitivity to a short pulse of artemisinin derivative 
exposure (26). In addition, the artemisinin resistance phenotype 
was characterized by the ability to recover from drug-induced 
dormancy following exposure to high concentrations of the drug 
(27). All these tests point to a common mechanism underlying 
artemisinin resistance-reduced ring-stage susceptibility, although 
they examine different aspects and thus give different values. A 
parasite clearance half-life of >5.5 h has been used as a cutoff for 
identifying artemisinin resistance. The predictive value of the TMI 
in identifying such infections was moderate, with a value of >8 
ng/ml having sensitivity and specificity values of 32% and 72%, 
respectively. Whether this represents a limitation of the method or 
intrinsic variation remains to be seen. In this area of Cambodia, 
most parasites are artemisinin resistant, so variance in parasite 
clearance results more from other factors. It is possible that in 
vivo/in vitro correlations, and thus the predictive value, of the TMI 
test would be better in areas where artemisinin-resistant parasites 
do not predominate (and so drug susceptibility is a greater con- 
tributor to overall variance in parasite clearance). One particular 
limitation of the test (and any others focusing only on the ring 
stage) is that it relies on patients having a relatively synchronous 
young population of parasites at presentation, but some patients 
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present with parasites at different stages of development, and this 
results in different ring-stage drug exposures. Differences in the 
parasite age at the start of the drug exposure can therefore have a 
significant impact on the IC 50 of these ring stage tests (26). The 
TMI technique is conceptually simple but it is laborious and 
therefore slow, and it requires microscopy experience or special 
training. High-throughput enzyme-linked immunosorbent assay 
(ELISA) -based methods based on ring-stage-specific antigens are 
under development. 

While there is clear evidence for heritability in artemisinin re- 
sistance, the phenotype appears unstable, at least in the two para- 
sites we studied in continuous culture (14, 28). This has also been 
observed in laboratory studies in which artemisinin-resistant P. 
falciparum was first selected, although it has also been possible to 
eventually select for stably resistant lines. Epigenetic processes 
may contribute to the phenotype. This suggests that the resistance 
phenotype may provide a substantial fitness disadvantage and so 
could be readily lost, but as the genetic predisposition has been 
acquired it seems likely that resistance would return rapidly on 
further selection, although this remains to be established. 
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